PHOTOCHEMISTRY OF VISUAL PURPLE : I. THE KINETICS OF THE DECOMPOSITION OF VISUAL PURPLE BY LIGHT. by Hecht, Selig
PHOTOCHEMISTRY  OF  VISUAL PURPLE. 
I. THE  KINETICS  OF THE  DECOMPOSITION  OF VISUAL PURPLE  BY 
LIGHT. 
BY SELIG HECHT. 
(From tke  Physiological Laboratory, College of Medicine, Creighton University, 
Omaha.) 
(Received for publication, July 24, 1920.) 
I. 
An analysis of the progress of retinal dark adaptation in man has 
shown that the process follows the course of a  bimolecular reaction 
(Hecht, 1919-20).  The interpretation to be placed on these findings 
is that dark adaptation depends on the disappearance in the retina of 
two products of decomposition resulting from the photolysis of a sen- 
sitive material.  This rests on the assumption that the sensitivity of 
the peripheral retina measured in terms of the threshold stimulus is 
directly proportional to the quantity of residual decomposition prod- 
ucts then present in the retina. 
A photosensitive substance undoubtedly exists in the irritable ele- 
ments, and its decomposition by light must form the first step in the 
receptor process.  It may be supposed that this sensitive substance 
breaks  down into  two products of decomposition; and  that in  the 
dark these two products reunite to form the sensitive material again. 
This reversible reaction may be expressed as 
light 
S~----P+A 
"dark" 
in which S is the sensitive substance, P  is the principal precursor de- 
composition product, and A  its accessory.  Such a  scheme has been 
shown to fit the facts of retinal adaptation, and to offer a  starting 
point for  quantitative investigations into  the  mechanism of visual 
reception (Hecht, 1919-20). 
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In terms of such an hypothesis of photoreception it would be  a 
distinct step forward to be able to identify the three components of 
the reaction, and to discover their exact chemical interrelations.  At 
present no definite statement is possible in this connection.  HoweveL 
dark adaptation is decidedly a phenomenon  of dim vision.  According 
to the Duplicity Theory, dim vision is  associated  with  the  rods  of 
the retina.  The rods contain a  photosensitive substance known as 
visual purple.  It is therefore possible that dim vision and, more par- 
ticularly, dark adaptation are in some way conditioned by the proper- 
ties of visual purple. 
The association of visual purple with dim vision rests on more than 
the mere possibility just stated.  A  comparison of the threshold of 
visual sensibility at different wave-lengths with the spectral absorp- 
tion of visual purple and its photochemical sensitivity has shown that 
these three sets of data resemble each other to a striking degree (Tren- 
delenburg,  1911).  It  is  similarly  with  the  relation  between  dark 
adaptation and visual purple.  A retina exposed to light is bleached. 
Placed in the dark, the intact eye or the retina alone with its pigment 
layer will regenerate the purple color.  Under similar conditions the 
living eye becomes dark-adapted.  The presumption is therefore that 
these phenomena are in some way correlated. 
Our judgment in this matter must, however, be withheld, because 
no quantitative data are available with regard to the photochemistry 
of visual purple.  Ever since Boll's (1876) discovery of this substance, 
and  Kiihne's  classic  qualitative  investigations with  it  (Ewald  and 
Kiihne, 1878), there have been but a few scattered observations made 
with visual purple.  A notable exception is the work of Trendelenburg 
(1904).  It, however, has been barely a beginning. 
It  has  therefore been  necessary  to  investigate  the visual purple 
mechanism from the modern point of view of photochemistry, and to 
attempt a complete analysis of the reactions concerned.  The present 
paper is the first of a series in which the results of this investigation 
are to be presented.  As a product of these researches, I  hope to be 
able first,  to decide whether visual purple is really intimately con- 
cerned with dark  adaptation and the reception of dim lights,  and, 
second, if it is so concerned, to determine precisely the way in which 
this is brought about. SELIG  HECHT  3 
II. 
1.  Thanks  to  the work of Ewald  and  Kiihne,  the preparation  of 
visual  purple  is  a  simple  matter.  For  my  purposes  the  following 
routine  has  been  adopted.  Thirty  frogs  are  placed  over  night  in 
complete darkness.  The  next morning  the  heads  are  removed and 
placed in salt solution.  The eyes are then enucleated, cut in two, and 
the retinas removed as free from the pigment layer as possible.  This 
is much facilitated if the frogs have been kept over night in a  warm 
room.  The retinas with some salt solution are now placed in a  cen- 
trifuge tube,  and  centrifuged at a  good speed for 30 minutes.  The 
supernatant  liquid is removed, and a  3 to 4 per cent solution of bile 
salts is added to the retinas.  About 5 cc. are usually added, but this 
may be varied up to 20 cc. depending on the concentration  desired. 
The retinas  are thoroughly stirred up, and  are allowed to remain in 
suspension for half an hour or more.  The mixture is then again cen- 
trifuged.  This brings the disrupted retinas and stray pigment granules 
to the bottom of the tube, whereas the supernatant  liquid is a  clear 
purplish pink solution of visual purple.  In this form it may be kept 
on ice for as long as a  week or more without deterioration.  It can 
be used directly or after dilution with water or bile salts solution. 
All the manipulations  are carried out in the dark,  with the aid of 
the light from a  10 watt ruby lamp.  This is hardly a source of error, 
because the solutions are quite insensitive to such red light.  However, 
even to this light, they are exposed as little as possible.  In consider- 
ing sources of error it may be well to mention the purity of the bile 
salts.  The  commercial  preparations  are  hopeless.  The  bile  salts 
which I  used were prepared in our own laboratory,  and  are a  white 
powder, which when dissolved in water gives an absolutely colorless 
solution.  Only such bile salts give reliable results. 
A  solution of visual purple prepared  in  this  manner  is extremely 
sensitive to light.  If exposed to sunlight it loses its color in about a 
second.  The  solution, however, is not bleached to a completely col- 
oriess  condition.  The  bleached  solution  is  slightly  but  definitely 
yellow,  and  remains  so no  matter  how long  the  exposure  is  main- 
tained.  In  this  I  can confirm  Trendelenburg  (1904)  as opposed to 
Ewald and Kiihne's  original  statement  (1878, p.  181)  that  the solu- 4  PHOTOCI-IEMISTR¥  OF VISUAL  PURPLE.  I 
tion first turns yellow, and after some time turns completely colorless 
(wasserhdlig).  The  discrepancy  between  the  two  observations  I 
have not yet been able to explain. 
The  velocity of visual purple  bleaching varies with  the intensity; 
the rate may thus be controlled to allow a  quantitative  following of 
the  process.  With intensities  near  100  meter  candles  the  solutions 
may take half an hour to bleach.  The purplish pink solution slowly 
loses its  color,  at  the  same  time  taking  on a  yellowish tinge,  which 
increases and remains.  The solutions obtained by the present tech- 
nique do not show a  reversible reaction.  The  bleached solutions re- 
tain their yellowish colo~ in the dark for as long as they can be kept 
from bacterial decomposition.  The  conditions under which reversal 
takes place are different in several respects, and will be considered at 
length  in  future  contributions. 
2.  The most obvious means of following the process is a colorimetric 
one.  Unfortunately  only a  small  quantity  of material  is available, 
and in dilute solution at that.  A method has therefore been devised 
by means  of which  small  amounts  of solutions  are manipulated  ac- 
curately,  and  are made  to produce the same optical effects as large 
quantities.  The  experiments  are performed in very small test-tubes, 
made by sealing one end of short lengths of narrow bore glass tubing. 
The  tubes are  about 50 ram. long, and have an inside  diameter  of 2 
ram.,  and  an  outside diameter  of 2.5  ram.  Each  test-tube holds  a 
little over 0.1 cc.  This quantity of solution produces a depth of nearly 
35 mm.  Viewed end-on,  the effect is produced of a solution of much 
greater concentration. 
The crucial point is, of course, to have equal depths of liquid in all 
tubes  of  any  given  set  of  experiments.  This  is  accomplished  very 
simply.  The test-tube is placed into a wider tube which fits it snugly. 
One end is sealed, and near the open end is a  circular scratch.  The 
inner tube rests on the bottom of the measuring tube.  The solution 
is now inserted  into  the inner  tube by means  of a  pipette having  a 
long capillary  tip,  and the depth of  the solution is so adjusted that 
the  bottom  of  the  meniscus  is  on  a  line  with  the  circular  scratch. 
This can easily be done within 0.2 ram.,  and,  including  slight varia- 
tions in the thickness of the sealed end of the test-tube, would make 
the error in this part of the manipulation  of  the order of  1 per  cent. SELIO HECHT  5 
3.  In order to follow quantitatively the progress of the bleaching 
reaction, it is necessary to have a series of colorimetric standards rep- 
resenting different concentrations of visual purple and its decomposi- 
tion products.  Eleven such concentrations are made up, representing 
on the one extreme 100 per cent of the unbleached substance plus 0 
per cent of the bleached; and on the other extreme, 0 per cent of the 
unbleached plus  100  per  cent  of  the  bleached,  the  concentrations 
changing by 10 per cent steps.  Actually these are made up in dry 
test-tubes  by taking a  total  of 20  drops  of solution:  the first tube 
having 20 of the unbleached; the next tube 18 of the unbleached plus 
2 of the bleached; the next 16 of the unbleached plus 4 of the bleached, 
etc.  The same dropping pipette is used each time to insure uniformity. 
The  experimental unbleached solution is  pipetted into  the small 
exposure tubes.  Into  similar tubes  and under the same conditions 
are pipetted the standard concentrations just described.  The stand- 
ards are jacketed with thick, black rubber tubing,  except for a  few 
millimeters at each end.  In this way a much clearer end-on view is 
obtained.  The  exposure tube containing the experimental solution 
of visual purple is similarly jacketed when colorimetric comparisons 
are to be made.  The matching is done against an artificial daylight 
lamp of 0.04 candle power, having a uniform circular surface 30 ram. 
in diameter.  Such a  light is sufficiently bright for work in the dark, 
especially after one has become dark-adapted.  The matching light 
is turned on and off by a  spring contact controlled by the observer's 
foot, so that only a momentary exposure is made. 
When not in actual use the standards are kept under cover even 
in the dark room.  As a rule, fresh standards are made daily.  If they 
have been used but little, they may be kept on ice until the next day, 
provided they are placed in a moist atmosphere so as to prevent evap- 
oration.  They suffer comparatively little  deterioration from their 
use, mainly because the exposures to the daylight lamp are so brief. 
After continuous use for several days, they are definitely off; hence 
the practice of making fresh standards daily. 
4.  The experimental tube is exposed to light of known intensity. 
The apparatus used for this purpose is shown full size in Fig. 1.  The 
glass rod to which the exposure tube is attached is rotated by hand 
at a  rate depending on the intensity of  the light.  For  the  experi- PHOTOCHEMISTRY  OF VISUAL  PURPLE.  I 
ments  reported  in  this  paper  this  was  roughly ten  revolutions per 
minute.  By this means  an  even exposure is obtained  for this thin 
column of solution.  This obviates the necessity for stirring the solu- 
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FI6. 1.  Full size diagram of apparatus used for the exposure of visual purph 
solutions to light.  The exposure tube being attached to the glass rod, it is po~ 
sible to rotate the tube on its own axis by rotating the glass rod. 
tion, and removes all errors associated with unequal illumination, dif- 
fusion, etc.  (of. Sheppard,  1914,  p.  239).  In  this respect  the  small 
quantifies of material and the thin test-tubes are of distinct advantage. 
After the proper length of exposure  the light is turned off, the tube SELTG H~CHT  7 
removed,  jacketed with  the  rubber  tubing,  and  compared  with  the 
standards. 
Readings are usually made to the nearest 5 per cent concentration. 
The reading is thus, say, 70 or 75 per cent.  Occasionally, however, it is 
so clear  that  the  color is nearly but not quite one of the 10 per cent 
tubes,  that  the  reading  is given between the  5  and  the  10  per  cent 
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FIG. 2. The results of Experiment  80.  Light  intensity  is 53 meter candles. 
The monomolecular nature of the bleaching process is evident from the coinci- 
dence of the experimental points  (rectangles) with  the curve calculated on the 
assumption that k =0.034. 
steps;  for  example,  48  or  52.  This  happens  comparatively  infre- 
quently. 
After a colorimetric determination the jacket of the tube is removed, 
the tube replaced,  and  the exposure renewed.  After a  sufficient ex- 
posure, the tube is again removed, and its concentration  again deter- 
mined.  The process is repeated until the bleaching is complete. 
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III. 
1.  Altogether I have followed the progress of the bleaching of visual 
purple in 88 separate experiments.  These have been performed under 
a variety of conditions to which reference will be made in the proper 
place.  Figs.  2,  3,  and  4  will  serve  as  examples  of  what happens. 
They represent random samples of experiments performed so as to give 
%. 
e. 
,oo _~ 
80 
60 
40 
20 
0 
0  10 
\ 
20  30  ,4O 
E'xposvre  ----,~lbutes 
FIG. 3. Results  of Experiment 42. 
50  do 
Intensity, 28 meter candles; k =0.028. 
different velocities of decomposition, and  are  quite characteristic of 
all the other experiments. 
In the figures the readings are plotted as rectangles, on the assump- 
tion of an error of 5 per rent in the detemxination of the concentration, 
and 1 minute in the control of the exposure.  The curves are isotherms 
of a monomolecular reaction 
1  a 
k = - log 
t  a--x SELIG  1KECftT  9 
in which a is the original 100 per cent concentration, and a-x  the per 
cent of material still  unbleached.  It is  apparent  that  the  experi- 
mental results follow the curves pretty well. 
To  show  this  in  the usual  way Table  I  is  given presenting  the 
results of a fourth experiment.  It will be observed that the values of 
the velocity constant k  are fairly constant.  This uniformity is par- 
ticularly striking if two things are kept in mind:  first, that the meas- 
urements are single determinations only, not averages; and, second, 
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FIG. 4. Results of Experiment 56.  Intensity, 12 meter candles; k =0.011. 
that they are read usually to  the nearest 5  per cent concentration. 
For further comparison there are inserted the values calculated from 
the formula assuming the average value of k  (--  0.030).  The  simi- 
larity between the observed and calculated values is obvious. 
2.  Each of the experiments so far considered represents the changes 
in a single tube of visual purple.  The solution is exposed for an inter- 
val, its concentration determined, then exposed for a second interval, 
and  the  process  repeated  until  no  further  change occurs.  Such  a 10  PHOTOCHEMISTRY  OF  VISUAL  PURPLE.  I 
mode of procedure assumes two things:  one,  that  there is no period 
of induction in  the photochemical  action;  and  the  other,  that  there 
is  no  after effect.  If either of these is associated with the reaction, 
a different type of result,--qualitative perhaps, certainly quantitative, 
--is to be expected depending on whether the exposure is continuous 
or interrupted. 
In  order  to  settle  this  point  several  series  of  experiments  were 
made in the following way.  Seven or eight tubes of similar  concen- 
tration  and  depth were prepared.  One or two were run  through  in 
the ordinary way.  The remaining  tubes were exposed for a  series of 
TABLE  I. 
Experiment 85, Showing the Course of the Decompositi~n of Visual Purple by Light. 
1  a  Concentration  Time.  Concentration  k  =  -~- log 
observed,  calculated. 
mln. 
o 
6 
12 
18 
24 
30 
36 
46 
#er cent 
loo 
65 
42 
25 
20 
15 
lO 
o 
0.031 
0.031 
0.033 
0.029 
0.027 
0.028 
Average ............................  0.030 
per cent 
66 
44 
29 
19 
13 
8 
increasing intervals;  one for,  say,  5 minutes,  another  for 8 minutes, 
another for 12 minutes,  and so forth.  In this way each solution was 
brought  to  a  stage  of  decomposition  by  a  continuous  exposure  as 
opposed to a  series of intermittent  exposures. 
An example of such an experiment is given in Fig.  5.  The black 
rectangles  represent  a  single  tube exposed intermittently  in  the  or- 
dinary way.  The white rectangles each represent a  separate tube of 
visual purple exposed continuously up to the point when its concen- 
tration was determined.  The curve is again that of a monomolecular 
reaction,  and it is apparent  that  it represents  accurately the  course 
of both types of experiment. SELIG HECIKT  II 
In a few tests the procedure was slightly varied.  Two sets of tubes 
were run.  In  the one the readings were made intermittently,  there 
being  about seven interruptions in  the exposure.  In  the other,  the 
readings were also  made  intermittently, but with only two or three 
interruptions in the exposure.  The results in the two cases were the 
/00 
8O 
~o 
0 
\ 
o  /o  20  30 
Ewfloaure.-.-  P~/nufea 
Fro.  5.  A  comparison of the  effects  of intermittent  (black rectangles)  and 
continuous  (white rectangles)  illumination  on  the  velocity  of  decomposition. 
The black rectangles  are from a single tube of visual purple.  Each of the white 
rectangles represents a separate tube.  Experiments 32 to 38 inclusive; intensity, 
53 meter candles; k =0.037. 
same  within  the limits  of the experimental error.  It may therefore 
be safely concluded that there are no aberrant factors such as an in- 
duction period or an after effect operating in these experiments. 
It will be remembered that these results are to be expected on the 
basis of Talbot's law for the fusion of successive light flashes.  In such 12  PHOTOCIiEMISTR¥  OF VISUAL  PURPLE.  I 
experiments the rate of intermittent illumination for the human eye 
is very much greater than those used here.  The principle, however, 
is the same.  Parker and Patten (1912-13)  have recently shown that 
a continuous flow of light is a more efficient stimulus for the eye than 
an intermittent one (1,750 flashes per minute), the difference between 
the two being of the order of 5 per cent.  It is not possible to compare 
these data with the present results on visual purple, because the ex- 
periments here reported do not admit of the judgment of differences 
of the order of 5 per cent in the magnitude of the velocity constant. 
IV. 
From the kinetics of visual purple decomposition it may be con- 
cluded that this photosensitive material is' a chemical entity, and that 
its  bleaching is  probably represented by the destruction of a  large 
molecule into  smaller ones.  In  this  respect it  resembles the hypo- 
thetical  sensitive  substance  postulated  in  the  first  section  of  this 
paper. 
Too much reliance, however, must not be placed on the fact that 
the course of the reaction is monomolecular.  Gross absorption and 
diffusion effects are, of course, eliminated by the thinness of the ex- 
posed solution;  they therefore probably do not account for the mono- 
molecular feature of the curve.  But  it is  frequently true that  the 
stoichiometric equation for a  chemical reaction does not correspond 
to  the equation  obtained  from kinetic data.  In such cases (Lewis, 
1918,  p. 395)  the stoichiometric equation turns out to be of a higher 
order.  For example, it is  conceivable that  the bleaching of visual 
purple is  a  process  of hydrolysis, in  which case  the  stoichiometric 
equation  may actually be  bimolecu]ar.  However.  because  there is 
so much water present in the system, tile reaction would proceed as 
if it  were monomolecular, visual purple  being  the  only component 
whose concentration changes to a measurable degree. 
The equation 
S--~P+A 
for the hypothetical light reaction is also not to be taken dogmatically. 
It may well be 
S+X-.oP+A s~.I,iO m~cl~T  13 
assuming that X  is a  substance whose concentration in the system is 
so great that it suffers no sensible change during the reaction.  Further 
discussion of these matters will, however, be postponed to a time when 
more data will have been presented. 
SUMMARY. 
1.  Visual purple solutions are prepared under such conditions that 
the bleaching reaction is irreversible. 
2.  A  method  is  described  for  the  colorimetric  estimation  of very 
small quantities  of visual purple.  By this means the kinetics of the 
bleaching reaction are investigated. 
3.  The  results  show that  the  course of the  decomposition follows 
that  of  a  monomolecular  reaction,  without  any  measurable  period 
of induction or after effect. 
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